Abstract. We present evidence for precursors to the ScS and sScS (SDS and sSDS) phases observed at epicentral distances smaller than 30 ø . These precursors are intermittently observed in broadband recordings from the six Incorporated Research Institutions for Seismology stations used (western Pacific region and South America). They appear approximately 35-50 s ahead of the ScS arrival on the transverse component and are independent of hypocentral depth. The observed precursors are characterized by relatively large amplitudes in the frequency band from 0.05 to 0.2 Hz. A more detailed analysis is restricted to a subsidiary data set from station SNZO (New Zealand). The coherency, frequency dependence, slowness, polarity, and polarization of the precursors are discussed. Many explanations for SDS can be rejected, and we conclude that a reflector 180 km above the core-mantle boundary causes these occasionally strong precursors. The large SDS/ScS amplitudes at low frequencies require an unrealistically large impedance contrast for a one-dimensional model. We test the possibility of focusing the SDS phase by a discontinuity with topography and show that structure with scale lengths of ,'-,19ø-25 ø (1200-1600 km, i.e., larger than the Fresnel zone) can account for large intermittently observed $DS amplitudes with their geometrical reflection points within the sa•me Fresnel zone. This is surprising, since it is often assumed that scale lengths smaller than the Fresnel zone must be responsible for variations within a Fresnel zone. The limited data set permits no conclusions about the global properties of this phase or its implied reflector.
Introduction
The core-mantle boundary (CMB) is the strongest physical and chemical discontinuity inside the Earth: The density and velocity contrasts across this boundary are larger than those at the free surface. With its expected boundary layers (see Lay [ 1989] and Loper andLay [ 1995] for a review), it plays a major role in the theory of the Earth's dynamics and evolution. The adjacent D" region [Bullen, 1950] , the lowermost 150-300 km of the mantle, has therefore been of particular interest to geophysicists. Many seismological studies have tried to quantify the properties of D", but the seismic models vary considerably [e.g., Lay, 1989 ]. The velocity gradients above the CMB decrease compared with the overlaying mantle and may even change sign in some regions [Doornbos and Mondt, 1979] . A large number of studies using a variety of approaches find evidence for lateral heterogeneities at the D" (see Young and Lay [1987] for a review). The observations of reflected PcP or ScSH precursors at near-grazing incidence are a case in point. (ScSH is used to stress that transverse-polarized ScS phases are considered.) All studies of ScSH precursors are based on near-grazing incidence phases, which are observed at distances ranging from about 70 ø to 95 ø . Early evidence of ScSH precursors was found by Mitchell and Helmberger [1973] and Lay and Helmberger [1983] . The latter authors used waveform and travel time information to infer a 2-3% S-velocity discontinuity located about 280 km above the CMB in three different regions. Young and Lay [1990] , Weber and Davis [1990] , Gaherty and Lay [1992] , and Garnero et al. [1993] , among others, found evidence for similar S-velocity discontinuities, while Cormier [1985] , Schlittenhardt et al. [1985] , and Haddon and Buchbinder [1987] presented alternate explanations for the observed ScS precursors. Among the studies that do suggest a discontinuity, the inferred depth varies by as much as 150 km for different regions [Garnero et. al. 1993; Kendall and Shearer, 1994] .
Near-grazing ScS precursors from a 2-3% S-velocity discontinuity can be detected owing to the critical reflection and constructive interference of reflected and refracted waves. Reflections from such been aligned to the theoretical arrival time of the ScS phase at zero time. In most cases, the precursors on the transverse component are lower in frequency than ScSH and appear to have the opposite polarity of the ScSH phase.
Good quality broadband data for small epicentral distances are sparse, and the number of unambiguous data is further decreased by possible interferences with other phases, such as sS, SS and sSS. We discarded seismograms if these interferences could occur. Also, at distances larger than 28 ø, PSS phases are expected on the radial and vertical components which arrive close to SoS. We discarded the data whenever this was the case in order to avoid possibly contaminated transverse components. Our data set is greatly reduced as a result of these constraints.
Although we show here positive observations on single traces, we cannot identify the SoS phase on the largest part of our data owing to a high noise level. Even if subjective, SoS is established at about 1-10% of our recordings. A few ambiguous precursors catch attention since they are coherent with SoS at low frequencies, but they do not show up as a clear phase. Moreover, on some traces with good signal-to-noise ratio, we can hardly identify a precursor. Most of the seismograms with a good signal-to-noise ratio and simple ScSH wavetbrm were obtained for station SNZO. Figure 2 shows two more recordings from this station which contain a clear ScSH phase and a low-frequent precursor on the transverse component. Consequently, we confine our detailed analysis to data from SNZO. These comprise 37 events (Table 1) at epicentral distances ranging from 13ø-26 ø, with hypocentral depths in the range from 120 to 620 km. About 60% of the events have hypocentral depths greater than 400 km. The map depicted in Figure 3 shows the epicentral locations listed in Table 1 and their reflection points at the CMB.
Coherent ScS, sScS, and ScS2 Precursors
Besides precursors to ScS (SOS), precursors to sScS (sSoS) and ScS2 (SoSScS or ScSSoS) are sometimes observed. Figure 4 illustrates two examples with a low-frequent sSoS phase on the transverse components t¾om events 6 and 22. The traces with the sScSH phase (dashed line) have been multiplied by -1 and aligned to zero time with respect to sScS and plotted on top of the corresponding aligned ScS trace (solid line). It can be seen from Figure 4 that the SoS and sSoS phases can be quite coherent at low frequencies. In general, it is difficult to observe sSoS at frequencies larger than 0.1 Hz since the traces become quite noisy, perhaps due to scattering along the three segments of the path through the uppermost mantle and crust. Coherent signal is also visible on the other components, though at different times, and this may be due to near-receiver S-to-P conversions. Here we are interested in the SoS phase only. Figure  5 shows an ScS2 precursor which is quite similar to the SoS phase.
Coherent sSoS and SoS phases are also observed for the stations NNA, MAJO, and LPAZ. Figure 6 demonstrates a good example of coherent ScS, sScS, and ScS2 precursors at low frequencies recorded at station NNA.
Thus we so far can conclude that (1) the existence of the precursor is independentof the take-off angle at the source which excludes near source scattering; (2) SoS and sSoS are related to ScS and sScS, which cancels the misinterpretation of another phase which would either appear before ScS or sScS; and (3) specific near-receiver scattering can likely be excluded by the similarity of the observations from different regions and distances. However, a reflector at about 180 km above the CMB can be invoked to explain the observed precursors. Table 1 ). SoS and ScS are clearly visible on the transverse component. In the presence of topography, signal from the SoS precursor is also expected on the radial component. Its amplitude will depend on the source radiation pattern as well as the actual shape of topography. Indeed, some signal is visible on the radial component of the stacked records of Figure 8 . This signal is more difficult to identify on the individual seismograms, but a hint of it might be recognized, e.g., for event 6 in Figure 1 d. In the following we are mainly going to discuss the occasionally strong energy on the transverse component. However, any proposed model must also explain the SoS energy on the radial component.
Stacks and Slowness Determination

Synthetic Modeling
As established above, a focusing mechanism is necessary to explain large SoS amplitudes and the variability of the observations with a reasonable velocity and density contrast. There are many ways to focus a wave field through a three-dimensional (3-D) Earth structure, and the subject of the following section is to investigate one possibility which we find to be effective: focusing through a discontinuity with topography. This approach is further justified by observations of near-grazing ScS precursors that show a variable depth to this discontinuity [e.g., Garnero For our test calculations, we used a discontinuity with an Svelocity and density increase of 3%. This means that the SH-wave reflection coefficient and impedance increase are -0.03 and 6% at normal incidence. The synthetic seismograms are calculated for frequencies up to 1 Hz. The source has a spherically symmetric radiation pattern with a delta-function source. We expect focusing for scale lengths A larger than the Fresnel zone, but not too large, because then the curvature of the topography gets too small for focusing. If the scale length is much smaller than the Fresnel zone resolution width, the effect of topography is expected to average out, but this cannot be tested by our method due to the plane wave restriction. We show that focusing due to large-scale topography (1200-1600 km) of a moderate discontinuity can explain the intermittently observed large Sz•S amplitudes. The frequency-dependent focusing depends on amplitude A and wavelength ,• of the topography, vertical distance between discontinuity and receiver, the event-receiver configuration itself, and the event-receiver position relative to the topography. The small spatial sampling of the wave field and the trade-off, ambiguity, and complexity of the focusing mechanism make it difficult to further constrain the model. Indeed, we find that a Sz•S amplitude decrease with increasing frequency (the observed frequency cut off at 0.5 Hz) can be explained by any combination of the three following circumstances: (1) The reflection coefficient is frequency dependent if the reflector is not a single first-order discontinuity. (A first-order discontinuity is a transition where the elastic parameters and/or density change discontinuously.) (2) The Fresnel zone which decreases with increasing frequency leads to a smaller sampling of the curved reflector for higher frequencies and will at one point lead to a decrease of focusing. (3) The caustic volume or focusing region gets smaller with increasing frequency. Thus any phase in the vicinity of a caustic volume will show a frequency dependence with a "fading out" of higher frequencies.
The Results
The most important result is that it is
In our calculations, we considered a monochromatic sinusoidal reflector only. Structure with more scale lengths will further increase the ambiguity. For instance, assume that there is a small-scale bump superimposed on the minimum of the sinusoidally shaped reflecton If in addition the location of this bump coincides with the geometrical reflection point, then a high-frequency wave will be defocused while the low-frequency components are still focused due to the long-scale structure. We expect to observe a low-frequent precursor. Alternatively, high-frequent Sz•S focusing could also have been suppressed by a frequency-dependent reflection coefficient and/or by having the receiver in the vicinity of the focusing zone as mentioned above.
Note that we can increase the synthetic Sz•S/ScSH amplitude ratio even more by replacing the monochromatic sinusoidally shaped topography with a parabolic reflector which strengthens Sz•S or by defocusing the ScSH phase by CMB topography. We cannot resolve all the ambiguities with the present amount of data, and we refrain from presenting a "best" model. The large SoS/ScSH amplitude ratio and the frequency dependence of the observations require frequency-dependent focusing of SoS. We tested focusing using topography, and synthetic modeling shows that realistic models can focus the wave field strongly enough to be observed. The SoS/ScSHamplitude ratio from the synthetics from a monochrome sinusoidal topography reach 1/3, which is the ratio of the stacked phases from Figure 8 Steep incidence ScS reverberations were considered by Revenaugh and Jordan [1989] . They observed a reflector which, due to ambiguity inherent to their method, could be caused either by a rapid impedance decrease in the upper 100 km of the mantle or by an impedance increase (R ,--, --0.03) about 170 km above the CMB. The latter possibility is consistent in polarity and depth with our observations. Revenaugh and Jordan [ 1989] used 40 mHz low-passed data, which are much less affected by focusing than the higher frequencies used here. This explains their impedance increase of about 6%, which is much less than we would find from the focused phases by assuming plane layering and higher frequencies. In a more extensive study, Revenaugh and Jordan [1991] gave no evidence for the discontinuity 170 km above CMB.
Conclusions
We have /bund intermittent observations of ScSH precursors recorded at small epicentral distances (A < 30 ø) and conclude that these are steeply reflected phases from a reflector located at about 180 km above the CMB. With evidence from synthetic seismograms for steeply reflected S waves, we infer that topography with scale lengths of about 1200-1600 km can explain the observed frequency-amplitude characteristics of the precursor. We do not exclude the presence of shorter scale length structure but find that (at least for steep incidence reflections) the observation of intermittent phases and the interpretation of reflector spots smaller than the Fresnel zone can be explained by long-scale topography. Owing to a limited data set, we can give no evidence for a global presence of the reflector described here. However, we believe that the D" is at least locally layered.
The frequency dependence of focusing can be understood as a combination of three processes. These are (1) the frequencydependent size of the caustic volume, (2) the different sampling of the curved discontinuity due to the frequency-dependent Fresnel zone, and (3) a frequency-dependent reflection coefficient. The ambiguity in the interpretation and separation of these effects can probably be decreased with good spatial sampling of the focused wave field. Altogether, more broadband data and 3-D modeling for a broad frequency range are required for a better understanding of the radial structure of D".
